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In conditions where the pH gradient is negligible, the rate of the pyridine nucleotide transhydrogenase in 
chromatophores of Rhodobacter apsulatus has a threshold ependence on membrane potential. The rela- 
tionship is similar when either antimycin or myxothiazal or carbonyl cyanide p-trifluoromethoxyphenyl- 
hydrazone isused to depress the membrane potential. The relationship isdistorted when membrane poten- 
tial is reduced by lowering the photosynthetic light intensity. 
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1. INTRODUCTION 
The precise dependence of the rate of ATP syn- 
thesis on the value of protonmotive force (zip) in 
chloroplasts, mitochondria nd bacteria has been 
controversial. Some observations suggest hat the 
relationship is unique [1-4], others that it is in- 
fluenced by the agent used to lower Ap [5-9]. The 
latter result calls for refinements of the 
chemiosmotic hypothesis of energy coupling be- 
tween electron transport and ATP synthesis (e.g. 
[10]). It has been argued and counter-argued that 
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systematic experimental errors might distort the 
true relationship (see [1,4,6]). Alternatively dif- 
ferent biological systems might behave in different 
ways - some showing a greater, others showing a 
lesser tendency towards delocalisation of the high- 
energy intermediate [6]. 
The experiments of Melandri and colleagues 
[8,9] on chromatophores from photosynthetic 
bacteria were amongst he first to show discrepan- 
cies. These workers found that the dependence of 
the rate of ATP synthesis on Ap was steeper when 
antimycin was used as the titrant than when un- 
coupling agent was used. Electrochromic absor- 
bance changes and 9-aminoacridine fluorescence 
quenching were used to measure zap, and ATP was 
assayed in acid-quenched samples [8,9]. 
Transhydrogenase which catalyses the transfer 
of hydride ion equivalents from NADH to NADP ÷ 
is another enzyme which is driven by the free en- 
thalpy released during electron transport in 
mitochondria nd bacteria [11]. Chromatophores 
are capable of high rates of light-driven trans- 
hydrogenase [12]. Because thio-NADP + is a good 
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substrate for the enzyme the activity can be 
measured in continuous assay with excellent preci- 
sion by making use of the difference in the 
wavelength of maximum absorbance of NADH 
and thio-NADPH [13]. This presents the oppor- 
tunity to determine the dependence of the rate of 
t ranshydrogenase  (Jr) upon the value of Ap by 
spectrophotometric assays on virtually identical 
samples thus minimising systematic errors. 
2. MATERIALS AND METHODS 
Rhodobacter capsulatus train N22 (formerly 
Rhodopseudomonas capsulata) was grown and 
chromatophores were prepared as described 
[14,15]. Transhydrogenase rates were assayed in a 
medium containing, in 10°70 sucrose, 100 mM KCI, 
1 mM MgCI2, 50 mM Tricine, pH 7.6, 66/~M thio- 
NADP +, 133/zM NADH,  1/tg/ml nigericin, 
1/~g/ml rotenone, 0.2/~g/ml venturicidin and 
chromatophores to give a final bacteriochlorophyll 
concentration of 10/zM. The production of thio- 
NADPH was recorded in a sensitive single-beam 
spectrophotometer at 395 nm (emM = 11.3 cm -1) 
where the absorbance contribution from NADH is 
negligible [13]. Each sample was pre-incubated, 
aerobically, in the dark for 10 min at 30°C before 
illumination. Photosynthetic llumination was pro- 
vided at 90 ° to the measuring beam by a 250 W 
quartz halogen lamp filtered through one layer of 
Wratten 88A filter. Where shown, the light intensi- 
ty was reduced using calibrated neutral density 
filters. The nucleotide substrate concentrations 
were considerably in excess of their gm values and 
did not decrease by more than 5°70 during the 
course of the assay. A fresh sample was used for 
each recording. The value of Aft was estimated 
from light-induced electrochromic absorbance 
changes of the endogenous carotenoid pigments at 
503 nm in parallel experiments under similar con- 
ditions except hat the thio-NADPH was replaced 
by NADP ÷. A series of experiments showed that 
this did not influence the measured Aft within the 
precision of the experiment (_+ 3°7o). The true base- 
line of the electrochromic absorbance change was 
established by the addition of 1/~M FCCP to 
darkened chromatophore suspensions. The elec- 
trochromic absorbance change was calibrated by 
applying K+-diffusion potentials in the presence of 
valinomycin [16]. 
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Fig.l. Recordings of transhydrogenase and electro- 
chromic absorbance changes. See section 2. The inset 
shows how the rate of transhydrogenase decreases with 
the time of illumination. 
3. RESULTS 
In preliminary experiments suitable conditions 
for the measurement of Jt in Rb. capsulatus 
chromatophores were established. Venturicidin 
was found to stimulate transhydrogenase activity 
by approx. 55o70, presumably by blocking energy 
dissipation through the ATP synthase. Nigericin 
was routinely added to eliminate the contribution 
of the transmembrane pH gradient to Ap and 
rotenone was used to block the chromatophore 
NADH dehydrogenase. Fig. 1 shows representative 
recordings of Jt and of the electrochromic absor- 
bance change in the standard conditions. Signal 
averaging was unnecessary on the time scale 
employed. 
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In the dark period before illumination there was 
a low but measurable transhydrogenase rate. This 
was stimulated approx. 20-fold by light. On a 
bacteriochlorophyll basis transhydrogenase had a 
rate comparable with that of chromatophore ATP 
synthesis. The rate of transhydrogenase and the 
value of LI~k declined slightly during illumination 
(see inset to fig. 1). In subsequent experiments hese 
parameters were recorded after 10s of il- 
lumination. 
The data shown in figs 2 and 3 summarise the 
results of experiments in which zl~ was depressed 
in titrations with antimycin A, an inhibitor of the 
quinone reductase site in the cytochrome b/c~ com- 
plex, myxothiazol, an inhibitor of the quinol ox- 
idase site in the b/c~ complex and with the 
uncoupling agent, FCCP. Fig.2 demonstrates that 
the dependence of Jt on zaff was identical whether 
FCCP or antimycin was used as the titrant. Note 
that in contrast o results in a recent publication 
from our laboratory [17], antimycin A at moderate 
concentrations (0.2/~M) strongly inhibited the 
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Fig.2. The dependence of transhydrogenase rate on Aft 
revealed by titrations with FCCP and antimycin A. 
From a series of experiments similar to that shown in 
fig.1. The values of A¢ and the rates of 
transhydrogenase were estimated after 10 s illumination. 
Approx. 0.08/zM FCCP and 0.03/zM antimycin A were 
required for 50°7o inhibition of the transhydrogenase 
rate. 
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Fig.3. The dependence of transhydrogenase rate on zl¢ 
revealed by titrations with FCCP and myxothiazol. 
Approx. 0.08/~M FCCP and 0.06,aM myxothiazol were 
required for 50% inhibition of the transhydrogenase 
rate. 
light-induced A¢;. This is because the experiments 
reported here were carried out in the absence of 
succinate and in the presence of nigericin which 
has a very slight protonophoric activity. This 
becomes ignificant at low value of za~ because of 
the intrinsic non-ohmic onductance properties of 
the chromatophore membrane [17]. A similar 
result is shown in fig.3 on a different 
chromatophore preparation and using FCCP and 
myxothiazol. The relation between Jt and za¢~ was 
the same, independently of how zaff was varied. 
There was a threshold in the region of 50 mV for 
the transhydrogenase rate although even at Aft = 0 
there was a low but significant activity. Above the 
threshold, the increase in Jt with A¢~ was approx- 
imately linear up to approx. 300 mV although in 
some chromatophore preparations there was an in- 
dication of rate saturation at high A¢~ (see the 
FCCP titration in fig.4). 
A different profile for the dependence of Jt on 
zl¢~ was observed when zl¢ was lowered by reduc- 
ing the photosynthetic l ght intensity. Fig.4 shows 
the results of two sets of experiments to compare 
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Fig.4. The dependence of transhydrogenase rate on ,a¢ 
revealed either by titration with FCCP (at full light 
intensity) or by reducing the photosynthetic light 
intensity. The two sets of symbols (©,e and (zx, A) 
describe the results of two sets of experiments carried 
out on different chromatophore preparations. 
Uninhibited rates and zl¢ values at maximum light 
intensity were normalised to 10007o. Full light intensity 
(1.7 × 106erg.cm-2.s-], estimated with a silicon 
photodiode calibrated against a Hewlett-Packard 
thermopile) was close to saturation on the basis that an 
86070 reduction led to a decrease in transhydrogenase rate 
of only approx. 10070. 
titrations with FCCP and with photosynthetic light 
intensity. Throughout the profile, for the same ap- 
parent value of A~, the transhydrogenase rate was 
greater when FCCP was used to depress za~ than 
when reduced light intensity was employed. 
4. DISCUSSION 
4.1. The dependence of transhydrogenase rate on 
The equilibrium constant for the trans- 
hydrogenase reaction is close to unity. In the con- 
ditions of our experiments, the low rate of 
transhydrogenase activity in the 10 min preincuba- 
tion period led to nucleotide concentrations of 
typically 60/zM thio-NADP, 126/zM NADH,  
7/zM thio-NADPH and 7/~M NAD at the instant 
before illumination, zaG was therefore approx. 
-12k J .mo l  -~ and this increased to approx. 
- 10 k J .mo l  -~ during 10 s of illumination at the 
maximum transhydrogenase rate. Clearly the reac- 
tion is thermodynamically favourable ven at A # = 
0. Evidently the threshold potential at about 
50 mV is kinetic rather than thermodynamic. 
Whether this represents a za~-dependent transition 
from an inactive to an active form of the trans- 
hydrogenase enzyme or whether it is a feature of 
the mechanism by which the protonmotive force 
drives catalysis remains to be seen. 
4.2. The unique relation between 
transhydrogenase rate and A C, 
The dependence of the rate of transhydrogenase 
on Aft (when ApH = 0) was similar when either of 
two different electron transport inhibitors or an 
uncoupling agent were used to depress A¢~. This 
result is consistent with the chemiosmotic 
hypothesis in its original form and does not pro- 
vide any evidence for the existence of 'localised' in- 
teractions between the photosynthetic electron 
transport chain and the transhydrogenase enzyme 
(cf. [101). 
4.3. Distortion of the profile between trans- 
hydrogenase rate and A(~ at reduced photo- 
synthetic light intensity 
The relationship between transhydrogenase rate 
and A~k was altered when the titration was per- 
formed by reducing the photosynthetic light inten- 
sity (fig.4). This might imply that the activity of 
the enzyme is modulated by chemical interactions 
with the photosynthetic apparatus. However, ex- 
periments at less-than-saturating li ht intensities 
should be interpreted with caution [15]. At 
bacteriochlorophyll concentrations routinely used 
in spectroscopic experiments (e.g. 10/~M), the ac- 
tinic light intensity in the sample (e.g. in the region 
of 800 nm) decreases by about 99°70 per cm. Con- 
sequently chromatophores close to the actinic 
beam are exposed to a significantly higher light in- 
tensity than those further away. When the light in- 
tensity does not saturate photosynthesis then the 
light gradient inevitably leads to a population of 
chromatophores which are inhomogeneously 
energised. The probe beam, of finite width, at 90 ° 
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to the actinic beam, records the sum of the absor- 
bances by individual vesicles from such a popula- 
tion. Even when Jt and A¢~ are measured by probe 
beams at the same position in the sample, the true 
relationship can be appreciably distorted under 
these conditions of limiting light intensity. A 
precise analysis is complicated by the number of 
non-linear and poorly defined relationships in- 
volved in the causal chain of events: the depen- 
dence of light intensity on path length (which is a 
function of wavelength), the dependence of zl~ 
generation on light intensity (which is also a func- 
tion of wavelength) and the dependence of Jt on 
A~. The effect of a non-saturating light gradient 
on a profile of Jt vs zlff which is characterised by 
saturation at large values of A ff will usually lead to 
a misleadingly steeper response. This might ac- 
count for the result in fig.4. In general, investiga- 
tions into the dependence of transhydrogenase rate 
or ATP synthesis rate or solute translocation rate 
on the protonmotive force, at light intensities 
which are less than saturating, could suffer from 
this complication. It only remains to point out that 
rather high light intensities are needed to saturate 
photosynthetic electron transport rates in 
photosynthetic bacteria like Rb. capsulatus (see 
fig.4). Since the experiments of figs 2 and 3 were 
carried out at saturating light intensities it is likely 
that these data describe the true dependence of Jt 
on/1~. 
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